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1. Objective

Corrosion of metal causes deterioration of Department of Defense (DoD) facilities, vehicles, and
weapons and costs the Government $9-20 billion per year (1). Corrosion can go undetected
underneath pigmented coatings and the development of additives that enable nondestructive
detection of the early stages of corrosion could significantly benefit the Army’s battlefield
readiness. Early detection would reduce lifetime acquisition costs and maintain assets in optimal
condition by triggering early maintenance of the underlying metal surface before substantial
damage could occur. Therefore, development of nondestructive methods for detecting the early
onset of metal corrosion on military assets is important.

2. Approach

Recently, fluorescent probes were developed for the sensing and reporting of cationic transition-
metal ions. Most notably, rhodamine B and fluorescein dyes were used as fluorescent probes in
the detection of Cu**, Pb®*, Zn®*, Hg**, and Fe** (2-9). These dyes were ideal for sensing
applications because of the vastly different fluorescent properties exhibited from the
nonfluorescent spirolactam ring-closed form (“off” signal) and the fluorescent ring-open form
(“on” signal). These probes were nonfluorescent and were undetectable under ultraviolet (UV)
light but became fluorescent upon binding to the appropriate metal cation. Augustyniak et al. (2)
reported that a rhodamine B based dye, spiro[1H-isoindole-1,9'-[9H]xanthen]-3(2H)-one, 3',6'-
bis(diethylamino)-2-[(1-methylethylidene)amino] (FDI), was a selective chemosensor for Fe**

(figure 1).
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Figure 1. Turn on fluorescence of FDI.

The objective of this project was to develop corrosion-sensing indicators that can be incorporated
into epoxy and urethane coatings to enable the nondestructive detection of early stage metal
corrosion. Detection of corrosion would be accomplished by simple illumination of the coated



surface with UV light. These fluorescent corrosion-sensing indicators would ideally only
interact with metal ions generated during the corrosion process (figure 1). In practice, several
cations may form fluorescently active complexes. In an effort to control the binding and
fluorescence activity of these dyes, rhodamine B and fluorescein were chemically modified to
study the effect of steric hindrance and electron density on the selective binding of these dyes to
various metals. Rhodamine B and fluorescein hydrazides were reacted with various diphenyl
and dialkyl ketones to determine the impact of bulky groups on dye-metal binding. Electronic
effects were probed as the hydrazide precursors were reacted with various aldehydes that
contained substituted phenyl rings. Fluorescence and UV/visible (Vis) measurements were
conducted to determine the impact of sterics and electronics on dye-metal binding efficiency and
selectivity.

3. Results

The rhodamine B and fluorescein hydrazone dyes were synthesized in two steps. In the first
step, rhodamine B and fluorescein were converted into the corresponding hydrazide to provide a
precursor hydrazide material. In the second step, the hydrazides were reacted with various
ketones and aldehydes to form a wide variety of hydrazone dyes (tables 1 and 2).

Table 1. Rhodamine B dyes.
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Rhodamine B Hydrazone Dye

Synthesized Compounds

Ry Ry
1 CH;, CH,
2 CH,CH, CH,CH,CH,
3 H CeHs
4 H CsHa-4-NO,




Table 2. Fluorescein dyes.
o>
Y
N-N Re
HO O O O OH

Fluorescein Hydrazone Dye

Synthesized Compounds

Dyes

Ry R,
5 CH; CH;
6 H CeHs
7 H CsH4-4-NO,
8 H Ce¢Hs-4-N(CHj3),

3.1 Synthesis of Rhodamine B hydrazides

Rhodamine B (10.0 g, 20.9 mmol) was stirred in ethanol (EtOH) at room temperature (rt).
Hydrazine (30.0 mL, 956 mmol) was added to the mixture, which was then refluxed at 80-85 °C
for 4 h. The reaction mixture was cooled to rt, and then the solvent was removed with a rotary
evaporator. The resulting brown/black solid was dissolved in 1 M hydrochloric acid (HCI)
(typically 200 mL) at rt, and then 1 M sodium hydroxide (NaOH) (typically 700 mL) was added
to the red solution until the solution reached a pH of 10. As the pH of the solution approached 7,
precipitation occurred as the ammonium salt was deprotonated, which resulted in a pink
suspension that persisted at elevated pH levels. The pink mixture was allowed to stir for 1 h, and
then isolated using gravity filtration. The pink solid was washed repeatedly with water, and then
left to air dry overnight (figure 2).
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Figure 2. Scheme 1: Synthesis of rhodamine B hydrazide.

3.2 Synthesis of Fluorescein Hydrazide

Fluorescein (7.00 g, 21.1 mmol) was stirred in EtOH at rt. Hydrazine (8.40 mL, 315 mmol) was
added to the mixture, and then the bright orange mixture was heated at reflux for 4 h. The
reaction mixture was cooled to rt and then solvent was removed with a rotary evaporator. The



resulting orange oil or solid was placed under vacuum overnight. The oil/solid was dissolved in
methanol (MeOH), and any insoluble material was removed via gravity filtration. A yellow solid
was precipitated out of solution with water. The resulting mixture was allowed to stand
overnight. The yellow solid was isolated via gravity filtration and then dried overnight in a
vacuum oven at 60 °C (figure 3).
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Figure 3. Scheme 2: Synthesis of fluorescein hydrazide.

3.3 General Procedure for the Synthesis of Hydrazones

Rhodamine or fluorescein hydrazide (2.02 mmol) was stirred in 25 mL of EtOH at rt. The
appropriate benzaldehye/ketone (8.08 mmol) was added, and then the reaction was heated at
reflux for 24 h. Three drops of acetic acid was used as an acid catalyst for reactions that used
ketones. The reaction was cooled to rt and then the solvent was removed with a rotary
evaporator (figure 4). Rhodamine B hydrazone dyes were triturated in hexane or water, while
fluorescein dyes were triturated in dichloromethane (DCM). Rhodamine B and fluorescein
hydrazone dyes were then recrystallized in MeOH/water.

O 0O O

O N—NH, + H EtOH, reflux O N—N
O O X overnight, O O H
R O R X= H, NOz, or N(CH3)2 R O R

R= N(CH2CH3)2 or OH
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i Dg W
N—NH, acetone or cylohexanone, acetic acid N—N:<
O O reflux, overnight O O R,
R O R R O R

R= N(CH2CH3)2 or OH

Figure 4. Scheme 3: General synthesis of hydrazone dyes.
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'H and 3C nuclear magnetic resonance (NMR) were performed on the synthesized hydrazone
dyes. The following section is the summary of peaks and chemical shifts associated with the
molecules as described in tables 1 and 2:

Compound 1. % yield: 48%. 'H NMR (deuterated chloroform [CDCl3]), & ppm: 1.13 (m,
12H), 1.79 (s, 3H), 1.94 (s, 3H), 3.31 (m, 8H), 6.26-6.52 (m, 6H), 7.10 (m, 1H), 7.43 (m,
2H), 7.88 (m, 1H). *C NMR (CDCls), § ppm: 12.3, 13.13, 13.97, 14.80, 21.06, 21.91,
22.77,23.61, 25.18, 26.03, 26.88, 27.72, 44.32, 45.22, 46.11, 67.02, 98.21, 99.25, 105.5,
107.3,108.4,109.2, 123.2, 124.2, 125.3, 128.5, 128.9, 129.5, 130.0, 130.9, 131.7, 132.5,
133.6, 149.5, 152.7, 154.4, 161.5, 167.1, 175.2.

Compound 2. % yield: 87%. *H NMR (CDCls), & ppm: 1.15 (t, 12H), 1.25 (m, 2H), 1.46
(m, 2H), 1.54 (m, 2H), 1.64 (bm, 3H), 2.15 (t, 2H), 2.30 (t, 2H), 3.31 (s, 8H), 6.27 (dd,
1H), 6.28 (dd, 1H), 6.39 (dd, 2H), 6.50 (s, 1H), 6.52 (s, 1H), 7.16 (m, 1H), 7.45 (m, 2H),
7.90 (m, 1H). m.p. 168.4-169.6 °C. **C NMR (CDCls), 5 ppm: 12.25, 13.08, 13.92, 14.75,
25.60, 26.43, 27.38, 28.46, 29.32, 31.54, 32.40, 33.25, 35.78, 36.63, 37.49, 44.38, 45.28,
46.17, 66.96, 98.28, 99.33, 105.4, 107.3, 108.2, 109.3, 123.3, 124.2, 124.4, 125.3, 128.5,
128.8, 129.6, 129.8, 132.2, 133.42, 149.5, 151.9, 154.8, 160.9, 167.1.

Compound 3. % yield: 72%. *H NMR (CDCls), 5 ppm: 1.15 (t, 12H), 3.31 (s, 8H), 6.23
(m, 2H), 6.43 (m, 2H), 6.51 (t, 2H), 7.11 (m, 1H), 7.25 (m, 3H), 7.46 (m, 2H), 7.54 (m,
2H), 7.98 (m, 1H), 8.67 (m, 1H). *C NMR (CDCls), § ppm:12.26, 13.10, 13.93, 14.77,
44.33, 45.22, 46.12, 66.88, 98.24, 99.28, 106.9, 108.4, 109.5, 123.7, 124.2, 124.8, 125.3,
127.9, 128.4, 128.6, 129.0, 129.5, 129.7, 130.2, 133.8, 134.8, 136.3, 147.5, 148.6, 149.8,
152.8, 154.0. m.p. 229.4-230.2 °C.

Compound 4. % yield: 82%. *H NMR (CDCls), & ppm: 1.16 (t, 12H), 3.31 (dd, 8H), 6.25
(dd, 2H), 6.45-6.50 (m, 4H), 7.15 (dd, 1H), 7.5-7.54 (m, 2H), 7.65 (dd, 2H), 7.99 (dd, 1H),
8.10 (dd, 2H), 8.86 (s, 1H). **C NMR (CDCls), 5 ppm: 12.22, 13.06, 13.89, 14.72, 44.33,
45.23, 46.11, 67.31, 98.17, 99.22, 106.7, 108.4, 109.4, 124.0, 124.5, 125.1, 125.6, 128.2,
128.4,128.9, 129.3, 129.4, 130.1, 134.2, 135.3, 142.5, 144.4, 1455, 148.9, 149.9, 152.2,
154.2, 166.0. m.p. 237.2-237.9 °C.

Compound 5. % yield: 77%. *H NMR (d-dimethylsulfoxide [DMSQ]), & ppm: 1.73 (s,
3H), 1.82 (s, 3H), 6.44 (m, 4H), 6.52 (m, 2H), 7.02 (m, 1H), 7.51 (m, 2H), 7.78 (m, 1H).
13C NMR (d-DMSO), & ppm: 21.28, 22.14, 22.99, 23.84, 25.01, 25.85, 26.70, 27.55, 30.77,
31.61, 32.45, 33.29, 66.23, 103.0, 104.1, 111.4, 112.9, 114.0, 123.5, 124.4, 124.6, 125.5,
129.4, 130.4, 130.6, 131.0, 133.6, 134.7, 152.7, 153.5, 159.6, 161.3, 174.8.



« Compound 6. % vield: 72%. ‘*H NMR (d-DMSO0), 5 ppm: 6.42 (m, 2H), 6.45 (m, 2H),
6.62 (s, 2H), 7.10 (dd, 1H), 7.32 (s, 3H), 7.38 (m, 2H), 7.56 (t, 1H), 7.61 (t, 1H), 7.89 (dd,
1H), 8.98 (s, 1H). m.p. 269.6-270.9 °C. *C NMR (d-DMSO0), & ppm: 66.69, 103.3, 104.3,
111.5,113.1, 114.2, 124.0, 124.6, 125.1, 125.7, 127.6, 128.6, 128.9, 129.6, 129.9, 130.4,
130.7, 131.0, 134.8, 135.8, 150.9, 151.1, 151.7, 153.6, 160.0, 165.

o Compound 7. % yield: 56%. *H NMR (d-DMSO), & ppm: 6.44 (m, 2H), 6.48 (m, 2H),
6.65 (s, 2H), 7.14 (dd, 1H), 7.59 (t, 1H), 7.65 (dd, 3H), 7.93 (dd, 1H), 8.18 (dd, 2H), 9.11
(s, 1H). *C NMR (d-DMSO), 5 ppm: 66.9, 103.4, 104.4, 111.2, 113.2, 114.3, 124.3, 124.8,
124.9, 125.4, 125.8, 126.0, 128.4, 128.8, 129.5, 129.9, 130.1, 131.2, 135.3, 136.2, 142.0,
146.7, 147.8, 149.3, 151.8, 153.5, 160.0, 165.4.

«  Compound 8. % yield: 80%. 'H NMR (d-DMSO0), § ppm: 2.89 (s, 6H), 6.4 (m, 4H), 6.61
(m, 4H), 7.07 (dd, 1H), 7.21 (dd, 2H), 7.56 (g, 2H), 7.84 (dd, 1H), 8.87 (s, 1H). *C NMR
(d-DMSO), § ppm: 66.60, 103.2, 104.3, 111.9, 112.5, 113.0, 113.5, 114.0, 123.0, 123.7,
1245, 124.8, 125.5,128.9, 129.1, 129.9, 130.1, 131.0, 134.3, 135.3, 151.6, 152.1, 153.2,
153.7, 159.8. 164.4. m.p. 296.62-298.2 °C.

3.4 Preparation of Hydrazone Dye Solutions for Analysis

For metal-dye binding studies (tables 3-6) and fluorescence measurements (figures 6 and 7), the
hydrazone dyes and 1 mmol equivalents of metal salt were dissolved separately in 5 mL of
DMSO or EtOH. The metal salt solution and hydrazone dye solutions were combined, and the
solutions were then illuminated using a bench-top UV lamp (Aexcitation ~ 365 nm). The lamp was
used to survey the solutions for fluorescence. The metal salts used in this study were aluminum
(11) nitrate nonahydrate, chromium (1) nitrate nonahydrate, iron (11) perchlorate, iron (Fe) (111)
nitrate nonahydrate, and zinc (Zn) (I1) perchlorate hexahydrate. The dye-metal binding results
are located in tables 3-6. Solutions used in UV measurements were obtained by diluting 1 mL of
metal salt-hydrazone dye solutions with 60 mL of EtOH (figures 2—4). UV/Vis experiments
were performed using wavelengths of 200-800 nm. The solutions created in the dye-metal
binding studies were used directly for fluorescence measurements (figure 5). Emission
fluorescence measurements were done with an excitation wavelength of 510 nm.



Table 3. Binding study of hydrazone dyes 6 and 3.

Hydrazone Dyes

H
HO O OH

SO PSR S

Fluorescence in DMSO

Blank Fluorescence No Yes
Fe¥ No Yes
Fe No Yes
cr No Yes
" No Yes
A Insoluble Insoluble

Fluorescence in EtOH

Blank Fluorescence No Insoluble
Fe¥ No Yes
Fe No Yes
cr No Yes
7’ No Yes

3+

Al No Yes




Table 4. Binding study of hydrazone dyes 5 and 1.

Hydrazone Dyes

O .

:< N—N:<
Metals N—N
HO O o O OH ;\N ‘ 0 ‘ r\(\
Fluorescence in DMSO
Blank Fluorescence Yes Yes
Feo No Yes
Fe Yes Yes
o’ Yes Yes
7’ Yes Yes
Al Insoluble Insoluble
Fluorescence in EtOH
Blank Fluorescence Yes Insoluble
Fe Yes Yes
Fe Yes Yes
cr Yes Yes
- Yes Yes

AI3+ Yes Yes




Table 5. Binding study of hydrazone dyes 7 and 4.

Hydrazone Dyes

Metals

(O

NO,
0

N—N

(L
HO O OH

/\NO

Cl

N—N

NO,

H

N7 N

Fluorescence in DMSO

Blank Fluorescence No No
3+
Fe No No
Fe No No
e No No
" No No
Al Insoluble Insoluble
Fluorescence in EtOH
Blank Fluorescence No Insoluble
3+
Fe No Yes
Fe No Yes
e No Yes
" No Yes
AI3+ No Yes
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Table 6. Binding study of hydrazone dyes 8 and 2.

Metals

Hydrazone Dyes

O
C e
(L
HO O OH

\
N_

/\ O
N O
_/

O

O

"e
L
L

Fluorescence in DMSO

Blank Fluorescence Yes Yes
Feo Yes Yes
Fe Yes Yes
cr Yes Yes
" Yes Yes
A Insoluble Insoluble

Fluorescence in EtOH

Blank Fluorescence Yes Yes
Fe' Yes Yes
Fe Yes Yes
cr Yes Yes
" Yes Yes
AT Yes Yes
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Figure 5. UV and visible absorbance of dye (a) 6, (b) 7, and (c) 8 and metal salts.




4. Discussion

The metal-dye binding results were greatly affected by the solvent system, which influenced
solubility, binding, and fluorescence. DMSO dissolved all of the hydrazone dyes and most of the
metal salts, except for aluminum (I11) nitrate nonahydrate. All metal salts were soluble in EtOH
but three of the hydrazone dyes (1, 3, and 4) were insoluble in EtOH. Although some dyes were
insoluble in EtOH, once mixed with the metal salt, the dyes dissolved upon complexation with
metals.

In some cases, the solvent system also affected fluorescence when comparing dye activity in
DMSO versus EtOH (table 5). For example, the nitro substituted rhodamine hydrazone (dye 4)
did not fluoresce in DMSO; however, fluorescence was observed in EtOH (figure 6). In another
case, 5 did not fluoresce in the presence of Fe** in DMSO but fluoresced in EtOH (table 4). One
explanation could be that DMSO preferentially coordinated with the salts and prevented dye-
metal binding.

Blank 4 and Fe3*
4 and Fe3’ in EtOH

in DMSO

Figure 6. Solvent effect on dye-metal binding and fluorescence observed under UV light.

The dye-metal binding study allowed an assessment of steric and substituent effects, and a direct
comparison of fluorescein and rhodamine B dyes with similar structures. Electronic effects were
investigated by comparison of dyes with unsubstituted benzene rings and benzene rings with
nitro and amino substituents. Steric effects were investigated by comparison of dyes with methyl
and cyclohexyl rings. Fluorescein and rhodamine analogs were compared to determine which
dye offered the best dye-Fe** binding selectivity.
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The electronics of the substituents greatly affected the dye-metal binding and fluorescence in
fluorescein hydrazone dyes. The fluorescein dyes with unsubstituted benzene ring (6) and
electron withdrawing nitro substituted benzene ring (7) did not bind to any metal; however, the
dye with the electron donating amino substituted benzene ring (8) was fluorescent and bound to
all metal salts. No electronic effects were observed in the rhodamine B series as both dye with
unsubstituted and nitro substituted benzene rings both bound and fluoresced with all metal salts.

Steric effects were compared between three hydrazone dyes (1, 2, and 5). All dyes bound to all
metal salts and fluoresced. In order to get a better understanding of steric effects, a larger set of
dyes was needed for comparison.

Based on the dye-metal binding studies, rhodamine based dyes bound to a much larger number
of metal salts. However, as the data related to 8 suggested, the presence of electron donating
benzene substituents could enhance the dye-metal binding and fluorescence of fluorescein dyes.

Due to fluorescence of unbound rhodamine and fluorescein dyes, UV/Vis and fluorometry
measurements were used to identify preferential binding between dyes and individual metal salts.
UV analysis showed the role of electronics on dye-metal binding and fluorescence (figure 5).
The amino substituent (figure 5¢) caused a larger increase in absorbance than the nitro
substituent (figure 5b), relative to the dye with an unsubstituted benzene ring (figure 5a). The
amino and nitro substituents led to a peak shift (figures 5b and ¢ 370 nm) relative to the
unsubstituted ring (figure 5a, 310 nm). The unsubstituted and amino substituted rings (figures 5a
and c) had weak absorbances for Fe (111) at 525 nm that were not present for the nitro substituted
analog (figure 5b).

Fluorometry experiments showed that sterics caused a change in fluorescence intensity and
binding affinity (figures 7 and 8). These measurements investigated the difference in emission
fluorescence between FDI (1) and the more sterically hindered 2. For 1 (figure 8), the Fe (1)
complex resulted in the highest florescence intensity, closely followed by the zinc (1) complex.
Conversely, for 2 (figure 7), the Zn (I1) complex had the largest florescence, followed by Fe (1)
complex. The Fe (I1)-dye 2 complex (figure 7) also had a much lower intensity relative to the Fe
(I)-dye 1 (figure 7).
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Excitation at 510 nm.
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Figure 8. Fluorometry emission intensity measurement of dye 1 and metal salts.
Excitation at 510 nm.

5. Future Work

Although the results demonstrated that both steric and electronics affect dye-metal binding and
fluorescence, the desired dye-Fe** binding selectivity was not observed. Therefore, it is
important to continue to synthesize additional dyes to further investigate the effects of
electronics and steric on dye-metal binding and fluorescence. Dyes will be incorporated into
both epoxy (primer) and urethane (topcoat) films to determine the impact of solid state on
fluorescence behavior.
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7. Transitions

The following oral presentations have been prepared:

» Williams, A. A,; Orlicki, J. A.; Escarsega, J. A.; Labukas, J.; Placzankis, B. Effects of
sterics and electronics on metal binding of fluorescent molecules: Towards smart coating
materials, 242nd ACS National Meeting & Exposition, Denver, CO, August 28-September
1, 2011.

«  Williams, A. A.; Labukas, J.; Orlicki, J. A.; Escarsega, J. A.; Placzankis, B. Synthesis and
Application of Rhodamine B and Fluorescein Corrosion Sensing Dyes, 243rd ACS
National Meeting & Exposition, San Diego, CA, March 2012. Abstract submitted.
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List of Symbols, Abbreviations, and Acronyms

Al
CDCl;
Cu

Cr
DMSO
DoD
EtOH
FDI

Fe
HCI
Hg
MeOH
NaOH
NMR
Pb

rt

uv
Vis
Zn

aluminum

deuterated chloroform
copper

chromium
dimethylsulfoxide
Department of Defense
ethanol

spiro[1H-isoindole-1,9'-[9H]xanthen]-3(2H)-one, 3',6'-bis(diethylamino)-2-
[(1-methylethylidene)amino]

iron

hydrochloric acid

mercury

methanol

sodium hydroxide

nuclear magnetic resonance
lead

room temperature
ultraviolet

visible

zinc
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